The actin cytoskeleton is critical for a vast array of cellular functions, including control of cell shape, division, and migration, as well as for regulated intracellular transport. These processes require the regulated assembly and disassembly of actin filaments, and thus depend on proteins that create or "nucleate" new filaments from pools of monomeric actin. Formin family proteins, conserved among animal, plant, and fungal species, are one such class of actin nucleator. Their conserved formin homology-2 (FH2) domains directly catalyze the assembly of new actin filaments (1). Formins interact in vivo with another class of proteins called nucleation promoting factors (NPFs) to assemble specific actin structures collaboratively (2) . In yeast, the formin Bni1 cooperates with the NPF Bud6 to direct formation of actin cables and the cytokinetic actin ring. Bud6 also links microtubule and actin functions because it is required for cortical capture of astral microtubule ends and mitotic spindle orientation (3, 4) . Here, our structural and biochemical dissection of Bud6 and its interactions with Bni1 and actin show that it contains a dimeric, rod-shaped core domain that binds the tail of Bni1 and a flank domain that binds G-actin. Our findings suggest a model in which a Bni1/Bud6 complex with a 2:4 subunit stoichiometry assembles a nucleation seed, with Bud6 coordinating up to four actin subunits.
We expressed and purified a C-terminal fragment of Bud6 (cBud6, residues 550-788) that is sufficient to bind the formin Bni1 and actin monomers and to catalyze Bni1-dependent actin nucleation. Although we were unable to obtain crystals of this c-Bud6 fragment, we found that it contained a shorter dimeric core (Bud6 core , residues 550-688) that crystallized readily. Bud6 core retained the ability to bind to Bni1, whereas flanking sequences that were proteolytically susceptible interacted with monomeric actin. The 2-Å resolution crystal structure of Bud6 core revealed an elongated, rod-shaped dimeric domain with a fold resembling a triple-helical coiled-coil (Fig. P1A ). Using size exclusion chromatography coupled with multiangle light scattering and native-PAGE gel shift assays, we established that the dimeric formin Bni1 binds two Bud6 dimers. This Bud6/Bni1 interaction requires two evolutionarily conserved patches on the surface of the Bud6 core domain. Each c-Bud6 dimer binds two actin monomers via its flanking regions. These stoichiometries indicate that the formin dimer recruits two c-Bud6 dimers, which, in turn, interact with as many as four actin monomers to catalyze the formation of a seed for actin filament nucleation.
Building on previous structural work with formins, we used our findings on Bud6 to construct a working model for actin filament nucleation by the Bni1/Bud6 complex (Fig. P1B) . Previous studies revealed the structure of formin Bni1 and its mode of binding to actin (5) . The FH2 domain can organize two or three actin subunits in an orientation resembling that found in filamentous actin (5) . The dimeric formin is expected to bind the barbed end of this nascent filament, with its long αT helices extending in the direction of the pointed end of the filament. The Bud6-binding site resides in the "tail" region of Bni1, which lies at the end of the Bni1 helix αT. Our tentative model shows how Bud6 could deliver and organize up to four actin subunits in close proximity to the Bni1 FH2 domain and thereby catalyze filament nucleation.
This model also frames questions for future study. For example, it remains unclear how many actin subunits must be co- Working model for actin nucleation on Bni1, derived from the work described here and from structures of the Bni1 FH2 domain alone and with actin (5). The two sides of the formin dimer are shown in green and blue, and the actin subunits are shown in yellow, orange, gray, and blue. The Bni1 FH2 dimer binds two Bud6 dimers, and Bud6, in turn, may bring a total of four actin subunits into the nascent filament. After the nucleus is formed, Bud6 may remain associated or dissociate from Bni1 as actin elongation proceeds, with the formin processively tracking the barbed end of the growing filament. As indicated by the question mark, it is unclear whether Bud6 and Bni1 can simultaneously engage the same actin subunit.
ordinated by an NPF/formin complex to initiate filament elongation. Additionally, it is unclear whether Bud6 and Bni1 may physically separate on filament elongation, leaving Bud6 at the pointed end of the filament and Bni1 processively moving away on growing barbed end. These questions, as well as a structural understanding of the interactions of Bud6 with Bni1 and actin, will require further study. Although Bud6 appears to be unique to fungi, it is quite likely that higher eukaryotes possess functionally related NPFs. Candidates include Spire, which partners with Fmn-family formins, and the tumor suppressor adenomatous polyposis coli, which partners with Dia-family formins. Although these mammalian NPFs are structurally unrelated to Bud6, they can be expected to share underlying mechanistic similarities with Bud6 as revealed here.
